Extending the search for muon neutrinos coincident with gamma-ray bursts in IceCube data by Aartsen, MG et al.
Submitted to Astrophysical Journal
Preprint typeset using LATEX style AASTeX6 v. 1.0
EXTENDING THE SEARCH FOR MUON NEUTRINOS COINCIDENT WITH GAMMA-RAY BURSTS
IN ICECUBE DATA
IceCube Collaboration: M. G. Aartsen1, M. Ackermann2, J. Adams3, J. A. Aguilar4, M. Ahlers5, M. Ahrens6,
I. Al Samarai7, D. Altmann8, K. Andeen9, T. Anderson10, I. Ansseau4, G. Anton8, M. Archinger11,
C. Argu¨elles12, J. Auffenberg13, S. Axani12, X. Bai14, S. W. Barwick15, V. Baum11, R. Bay16, J. J. Beatty17,18,
J. Becker Tjus19, K.-H. Becker20, S. BenZvi21, D. Berley22, E. Bernardini2, D. Z. Besson23, G. Binder24,16,
D. Bindig20, E. Blaufuss22, S. Blot2, C. Bohm6, M. Bo¨rner25, F. Bos19, D. Bose26, S. Bo¨ser11, O. Botner27,
J. Braun5, L. Brayeur28, H.-P. Bretz2, S. Bron7, A. Burgman27, T. Carver7, M. Casier28, E. Cheung22,
D. Chirkin5, A. Christov7, K. Clark29, L. Classen30, S. Coenders31, G. H. Collin12, J. M. Conrad12,
D. F. Cowen10,32, R. Cross21, M. Day5, J. P. A. M. de Andre´33, C. De Clercq28, E. del Pino Rosendo11,
H. Dembinski34, S. De Ridder35, P. Desiati5, K. D. de Vries28, G. de Wasseige28, M. de With36, T. DeYoung33,
J. C. D´ıaz-Ve´lez5, V. di Lorenzo11, H. Dujmovic26, J. P. Dumm6, M. Dunkman10, B. Eberhardt11, T. Ehrhardt11,
B. Eichmann19, P. Eller10, S. Euler27, P. A. Evenson34, S. Fahey5, A. R. Fazely37, J. Feintzeig5, J. Felde22,
K. Filimonov16, C. Finley6, S. Flis6, C.-C. Fo¨sig11, A. Franckowiak2, E. Friedman22, T. Fuchs25, T. K. Gaisser34,
J. Gallagher38, L. Gerhardt24,16, K. Ghorbani5, W. Giang39, L. Gladstone5, T. Glauch13, T. Glu¨senkamp8,
A. Goldschmidt24, J. G. Gonzalez34, D. Grant39, Z. Griffith5, C. Haack13, A. Hallgren27, F. Halzen5,
E. Hansen40, T. Hansmann13, K. Hanson5, D. Hebecker36, D. Heereman4, K. Helbing20, R. Hellauer22,
S. Hickford20, J. Hignight33, G. C. Hill1, K. D. Hoffman22, R. Hoffmann20, K. Hoshina5,53, F. Huang10,
M. Huber31, K. Hultqvist6, S. In26, A. Ishihara41, E. Jacobi2, G. S. Japaridze42, M. Jeong26, K. Jero5,
B. J. P. Jones12, W. Kang26, A. Kappes30, T. Karg2, A. Karle5, U. Katz8, M. Kauer5, A. Keivani10, J. L. Kelley5,
A. Kheirandish5, J. Kim26, M. Kim26, T. Kintscher2, J. Kiryluk43, T. Kittler8, S. R. Klein24,16, G. Kohnen44,
R. Koirala34, H. Kolanoski36, R. Konietz13, L. Ko¨pke11, C. Kopper39, S. Kopper20, D. J. Koskinen40,
M. Kowalski36,2, K. Krings31, M. Kroll19, G. Kru¨ckl11, C. Kru¨ger5, J. Kunnen28, S. Kunwar2, N. Kurahashi45,
T. Kuwabara41, A. Kyriacou1, M. Labare35, J. L. Lanfranchi10, M. J. Larson40, F. Lauber20, D. Lennarz33,
M. Lesiak-Bzdak43, M. Leuermann13, L. Lu41, J. Lu¨nemann28, J. Madsen46, G. Maggi28, K. B. M. Mahn33,
S. Mancina5, M. Mandelartz19, R. Maruyama47, K. Mase41, R. Maunu22, F. McNally5, K. Meagher4, M. Medici40,
M. Meier25, T. Menne25, G. Merino5, T. Meures4, S. Miarecki24,16, J. Micallef33, G. Momente´11, T. Montaruli7,
M. Moulai12, R. Nahnhauer2, U. Naumann20, G. Neer33, H. Niederhausen43, S. C. Nowicki39, D. R. Nygren24,
A. Obertacke Pollmann20, A. Olivas22, A. O’Murchadha4, T. Palczewski24,16, H. Pandya34, D. V. Pankova10,
P. Peiffer11, O¨. Penek13, J. A. Pepper48, C. Pe´rez de los Heros27, D. Pieloth25, E. Pinat4, P. B. Price16,
G. T. Przybylski24, M. Quinnan10, C. Raab4, L. Ra¨del13, M. Rameez40, K. Rawlins49, R. Reimann13,
B. Relethford45, M. Relich41, E. Resconi31, W. Rhode25, M. Richman45, B. Riedel39, S. Robertson1, M. Rongen13,
C. Rott26, T. Ruhe25, D. Ryckbosch35, D. Rysewyk33, L. Sabbatini5, S. E. Sanchez Herrera39, A. Sandrock25,
J. Sandroos11, S. Sarkar40,50, K. Satalecka2, P. Schlunder25, T. Schmidt22, S. Schoenen13, S. Scho¨neberg19,
L. Schumacher13, D. Seckel34, S. Seunarine46, D. Soldin20, M. Song22, G. M. Spiczak46, C. Spiering2,
J. Stachurska2, T. Stanev34, A. Stasik2, J. Stettner13, A. Steuer11, T. Stezelberger24, R. G. Stokstad24,
A. Sto¨ßl41, R. Stro¨m27, N. L. Strotjohann2, G. W. Sullivan22, M. Sutherland17, H. Taavola27, I. Taboada51,
J. Tatar24,16, F. Tenholt19, S. Ter-Antonyan37, A. Terliuk2, G. Tesˇic´10, S. Tilav34, P. A. Toale48, M. N. Tobin5,
S. Toscano28, D. Tosi5, M. Tselengidou8, C. F. Tung51, A. Turcati31, E. Unger27, M. Usner2, J. Vandenbroucke5,
N. van Eijndhoven28, S. Vanheule35, M. van Rossem5, J. van Santen2, M. Vehring13, M. Voge52, E. Vogel13,
M. Vraeghe35, C. Walck6, A. Wallace1, M. Wallraff13, N. Wandkowsky5, A. Waza13, Ch. Weaver39,
M. J. Weiss10, C. Wendt5, S. Westerhoff5, B. J. Whelan1, S. Wickmann13, K. Wiebe11, C. H. Wiebusch13,
L. Wille5, D. R. Williams48, L. Wills45, M. Wolf6, T. R. Wood39, E. Woolsey39, K. Woschnagg16, D. L. Xu5,
X. W. Xu37, Y. Xu43, J. P. Yanez39, G. Yodh15, S. Yoshida41, and M. Zoll6
1Department of Physics, University of Adelaide, Adelaide, 5005, Australia
2DESY, D-15735 Zeuthen, Germany
3Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
4Universite´ Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium
5Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin, Madison, WI 53706, USA
6Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden
7De´partement de physique nucle´aire et corpusculaire, Universite´ de Gene`ve, CH-1211 Gene`ve, Switzerland
8Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universita¨t Erlangen-Nu¨rnberg, D-91058 Erlangen, Germany
9Department of Physics, Marquette University, Milwaukee, WI, 53201, USA
10Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA
11Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
12Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
13III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
ar
X
iv
:1
70
2.
06
86
8v
2 
 [a
str
o-
ph
.H
E]
  9
 O
ct 
20
17
2 M. G. Aartsen et al.
14Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA
15Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA
16Dept. of Physics, University of California, Berkeley, CA 94720, USA
17Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
18Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA
19Fakulta¨t fu¨r Physik & Astronomie, Ruhr-Universita¨t Bochum, D-44780 Bochum, Germany
20Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
21Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA
22Dept. of Physics, University of Maryland, College Park, MD 20742, USA
23Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA
24Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
25Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany
26Dept. of Physics, Sungkyunkwan University, Suwon 440-746, Korea
27Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden
28Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
29Dept. of Physics, University of Toronto, Toronto, Ontario, Canada, M5S 1A7
30Institut fu¨r Kernphysik, Westfa¨lische Wilhelms-Universita¨t Mu¨nster, D-48149 Mu¨nster, Germany
31Physik-department, Technische Universita¨t Mu¨nchen, D-85748 Garching, Germany
32Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
33Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
34Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA
35Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
36Institut fu¨r Physik, Humboldt-Universita¨t zu Berlin, D-12489 Berlin, Germany
37Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA
38Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA
39Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1
40Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
41Dept. of Physics and Institute for Global Prominent Research, Chiba University, Chiba 263-8522, Japan
42CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA
43Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
44Universite´ de Mons, 7000 Mons, Belgium
45Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
46Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA
47Dept. of Physics, Yale University, New Haven, CT 06520, USA
48Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA
49Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
50Dept. of Physics, University of Oxford, 1 Keble Road, Oxford OX1 3NP, UK
51School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA
52Physikalisches Institut, Universita¨t Bonn, Nussallee 12, D-53115 Bonn, Germany
53Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan
ABSTRACT
We present an all-sky search for muon neutrinos produced during the prompt γ-ray emission of 1172
gamma-ray bursts (GRBs) with the IceCube Neutrino Observatory. The detection of these neutri-
nos would constitute evidence for ultra-high energy cosmic ray (UHECR) production in GRBs, as
interactions between accelerated protons and the prompt γ-ray field would yield charged pions, which
decay to neutrinos. A previously reported search for muon neutrino tracks from Northern Hemisphere
GRBs has been extended to include three additional years of IceCube data. A search for such tracks
from Southern Hemisphere GRBs in five years of IceCube data has been introduced to enhance our
sensitivity to the highest energy neutrinos. No significant correlation between neutrino events and
observed GRBs is seen in the new data. Combining this result with previous muon neutrino track
searches and a search for cascade signature events from all neutrino flavors, we obtain new constraints
Extending the search for muon neutrinos from GRBs with IceCube 3
for single-zone fireball models of GRB neutrino and UHECR production.
Keywords: astroparticle physics, neutrinos, acceleration of particles, gamma-ray burst: general
1. INTRODUCTION
The sources of ultra-high energy cosmic rays
(UHECRs) with energies above 1018 eV remain unknown
as intergalactic magnetic fields deflect UHECRs while
they propagate through the universe. In their source,
interactions of accelerated hadrons with matter or ra-
diation are expected to produce high energy neutral
particles, namely photons and neutrinos. As these
particles are chargeless, they propagate through the
universe undeflected, meaning they can be associated
with astrophysical sources to elucidate the origin of
UHECRs (Beatty & Westerhoff 2009; Kotera & Olinto
2011). Observations of γ-rays alone are insufficient to
locate hadronic accelerators as purely electromagnetic
processes may also produce γ-rays at these sources. Fur-
thermore, γ-rays are not ideal messengers at the highest
energies because their propagation is hindered by in-
teractions with interstellar media or radiation, reducing
their observable distance to the Local Group. On the
other hand, neutrinos only interact through the weak
force and gravity, allowing them to propagate from their
source to Earth unimpeded. The detection of high en-
ergy neutrinos from an astrophysical object would con-
stitute unambiguous evidence for hadronic acceleration,
revealing UHECR sources (Learned & Mannheim 2000;
Halzen & Hooper 2002; Anchordoqui & Montaruli 2010;
Anchordoqui et al. 2014).
One possible class of sources for UHECRs are gamma-
ray bursts (GRBs), which release immense quantities of
γ-ray radiation on time scales of 10−3 − 103 s. The pre-
dominant model for GRB phenomenology involves the
release of a relativistic fireball (Piran 2005; Me´sza´ros
2006; Fox & Me´sza´ros 2006)—a plasma of electrons,
photons, and hadrons—that is triggered by a cata-
clysmic stellar collapse or binary system merger. Shock
waves present within the fireball are capable of ac-
celerating protons and electrons to very high energy
through first-order Fermi-acceleration (Krymskii 1977;
Fermi 1949). As the relativistic electrons are acceler-
ated, they will radiate γ-rays that contribute to the ob-
servable prompt γ-ray flux once radiative pressure ex-
pands the fireball sufficiently so that the plasma becomes
optically thin. Should protons in the fireball be ac-
celerated with comparable efficiency and abundance to
electrons in the fireball, the cosmological energy density
of GRBs is sufficient to explain the measured UHECR
flux (Waxman 1995; Vietri 1995). Additionally, these
protons would interact with the ambient photon field
to produce high energy neutrinos primarily through the
∆+ resonance:
p+ γ → ∆+ → n+ pi+ → n+ e+ + νe + ν¯µ + νµ. (1)
These neutrinos, called prompt neutrinos, would be ob-
servable in both temporal and spatial coincidence with
the prompt γ-ray emission of GRBs.
The IceCube Neutrino Observatory (Achterberg et al.
2006; Aartsen et al. 2016b) is currently the most sen-
sitive detector to astrophysical neutrinos. An astro-
physical neutrino flux was discovered in neutrino in-
teractions occurring within the detector volume (Aart-
sen et al. 2013, 2014c), while observations of νµ + ν¯µ
events from the Northern Hemisphere (δ > −5◦) later
confirmed the discovery (Aartsen et al. 2015c, 2016d).
IceCube has not yet observed a neutrino signal asso-
ciated with GRBs (Abbasi et al. 2010b, 2012a; Aart-
sen et al. 2015d, 2016a). These results are consis-
tent with the non-detection in multiple years of anal-
ysis by AMANDA (Achterberg et al. 2007, 2008) and
ANTARES (Adria´n-Mart´ınez et al. 2013a,b).
This paper presents a continued search for prompt
νµ + ν¯µ neutrino track events from GRBs with
IceCube (Aartsen et al. 2015d) in three additional years
of data, but introduces two additional components to
the analysis: an analysis of each observed GRB individu-
ally, and an extension of the Northern νµ+ν¯µ track event
search to the Southern Hemisphere (δ ≤ −5◦), where
IceCube is most sensitive to the highest energy neutri-
nos as Earth absorption attenuates this neutrino signal
from the Northern Hemisphere (Connolly et al. 2011).
Section 2 describes the prompt neutrino models tested in
this analysis. Section 3 then reviews the IceCube detec-
tor and data acquisition. The neutrino candidate event
characterization and selections performed for the sep-
arate Northern Hemisphere track and Southern Hemi-
sphere track analyses are summarized in Section 4. The
unbinned maximized likelihood method for discovery of
a prompt neutrino signal from GRBs in both the stacked
and per-GRB contexts is then outlined in Section 5. Fi-
nally, Section 6 presents the results of our all-sky track
analysis, with Section 7 providing conclusions and an
outlook for future neutrino searches from GRBs with
IceCube.
2. GRB PROMPT NEUTRINO PRODUCTION
The search for neutrinos associated with GRBs in this
paper considers only a flux of neutrinos observable dur-
ing the prompt stage of γ-ray emission, and does not
explicitly test precursor (Razzaque et al. 2003) or af-
terglow (Waxman & Bahcall 2000; Murase & Nagataki
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2006) models. In the absence of an observed neutrino
flux, we chose to place limits on two classes of GRB mod-
els. The first class normalizes the expected neutrino flux
to that of the observed UHECR flux. The second class
is more detailed and derives an expected neutrino flux
from the details of γ-ray emission for each of the GRBs
entering into the analysis.
The principal model describing the phenomenology of
GRBs involves a beamed, relativistic fireball of elec-
trons, photons, and hadrons released from a black
hole central engine (Piran 2005; Me´sza´ros 2006; Fox &
Me´sza´ros 2006). In the standard internal shock fireball
model, particle acceleration is achieved through first-
order Fermi-acceleration at shock fronts created in col-
lisions of shells of plasmas moving at different speeds
within the fireball. The observed prompt γ-ray emission
of GRBs can be produced through synchrotron radiation
and inverse-Compton scattering of accelerated electrons
or the decays of neutral pions to very energetic photons,
while accelerated hadrons within the fireball could pos-
sibly escape as UHECRs.
If one assumes that the highest energy cosmic rays
are produced through the escape of accelerated hadrons
from GRBs, then a subsequent flux of neutrinos can
be calculated (Waxman & Bahcall 1997; Ahlers et al.
2011). The bulk Lorentz factor Γ of the fireball is
largely unknown and thought to be in the range 100 .
Γ . 1000, though recent multi-wavelength observations
of several long GRBs have found values for Γ as low
as & 10 (Laskar et al. 2015). This value affects both
the normalization and spectral break energy of neutri-
nos produced in GRB fireballs. A benchmark value of
Γ = 300 is taken in the literature (Waxman & Bah-
call 1997) to calculate average neutrino spectra assum-
ing average γ-ray emission parameters, leading to neu-
trino spectra that are double broken power laws peaking
around 100 TeV. We present flux limits within a range of
expected neutrino spectral break energies in Section 6.
Alternatively, one may assume that the predicted
neutrino flux is related to the observed γ-ray emis-
sion of individual GRBs (Hu¨mmer et al. 2012; Zhang
& Kumar 2013), allowing direct limits to be placed
on emission-generating model parameters. Three rep-
resentative models are tested, the internal shock fireball
model (Hu¨mmer et al. 2012; Zhang & Kumar 2013),
the photospheric fireball model (Rees & Me´sza´ros 2005;
Murase 2008; Zhang & Yan 2011), and the Internal
Collision-induced Magnetic Reconnection and Turbu-
lence (ICMART) model (Zhang & Yan 2011; Zhang &
Kumar 2013). Phenomenologically, they primarily dif-
fer in neutrino production radius from the GRB central
engine, which scales the energy of the primary hadrons,
and the density and number of neutrino-producing inter-
actions (Zhang & Kumar 2013). The neutrino spectra
are calculated numerically using the Monte Carlo parti-
cle interaction generator SOPHIA (Mu¨cke et al. 2000):
protons are propagated in an ambient γ-ray field with
spectrum derived from that measured at Earth, param-
eterized as a broken power law, and accounting for the
redshift of the GRB and the bulk Lorentz factor Γ of
the fireball. Neutrinos are produced in a full simulation
of possible pγ interactions, accounting for synchrotron
losses of interaction products. We do not, however, con-
sider Fermi acceleration of these products—especially
pions and muons—that might significantly enhance neu-
trino production in GRBs (Klein et al. 2013; Winter
et al. 2014). The neutrino fluence of a given GRB at
Earth is then determined accounting for the cosmologi-
cal distance of the source and neutrino oscillations. All
models considered here assume that proton accelera-
tion occurs at a single location where γ-rays are also
produced and emitted. In these cases, the predicted
prompt neutrino fluence will scale linearly with the pro-
ton content of the fireball. When this acceleration loca-
tion constraint is relaxed and a dynamic GRB outflow
is considered, the predicted prompt neutrino fluence is
significantly reduced, and well below the sensitivity of
IceCube (Bustamante et al. 2015; Globus et al. 2015).
Information about each GRB is gathered from the
Gamma-ray Coordinates Network (GCN)1 and the
Fermi GBM database (von Kienlin et al. 2014; Gru-
ber et al. 2014), and is compiled on a publicly accessi-
ble website2 (Aguilar 2011). The temporal search win-
dow T100 is defined by the interval between the earli-
est reported start time T1 and the latest reported stop
time T2 among all observing satellites (T100 = T2 − T1),
while the burst localization is chosen from the most pre-
cise measurement reported. Similarly, the γ-ray flu-
ence, break energy, and observed redshift are used as
inputs to the neutrino emission calculation. In some
cases these values are not measured, and in such cases
we adopt conventions previously used by earlier analy-
ses (Abbasi et al. 2012a; Aartsen et al. 2015d, 2016a).
We distinguish short GRBs, T100 ≤ 2 s, from long GRBs,
T100 > 2 s. In both cases, if a measured photon flu-
ence is unavailable, an average value of 10−5 erg cm−2 is
used. If the γ-ray break energy is unmeasured, we as-
sume a value of 200 keV for long GRBs and 1000 keV for
short GRBs. A redshift measurement is not available
for all GRBs; for these GRBs, we use values of 2.15 for
long bursts and 0.5 for short bursts. If the redshift was
measured, the isotropic luminosity can be approximated
from the redshift, photon fluence, and T100 (Hu¨mmer
1 http://gcn.gsfc.nasa.gov
2 http://grbweb.icecube.wisc.edu
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Figure 1. The predicted per-flavor quasi-diffuse flux of neu-
trinos from three numerical fireball models at benchmark
parameters fp = 10 and Γ = 300 for the sample of 1172
GRBs analyzed here. The solid segments indicate the ex-
pected central 90% energy containment interval of detected
neutrinos.
et al. 2012); otherwise, an average value of 1052 erg s−1
for long bursts and 1051 erg s−1 for short bursts is used.
The variability time scale is generally unknown, so we
use 0.01 s for long GRBs and 0.001 s for short GRBs,
values that are consistent with current assumptions in
the literature (Baerwald et al. 2011; Hu¨mmer et al. 2012;
Zhang & Kumar 2013).
Using benchmark model parameters of Γ = 300 and
a baryonic loading—the ratio of fireball energy in pro-
tons to electrons—of fp = 10, the expected model fluxes
are shown in Figure 1. We present the neutrino fluence
calculations for the analyzed sample of GRBs as a quasi-
diffuse flux, assuming an average of 667 potentially ob-
servable GRBs per year distributed over the full sky,
following previous IceCube publications (Abbasi et al.
2012a; Aartsen et al. 2015d, 2016a). Similar spectra can
be calculated for arbitrary values of fp and Γ.
3. ICECUBE
IceCube consists of 5160 digital optical modules
(DOMs) placed at depths from 1450 m to 2450 m in the
Antarctic ice shelf below the South Pole (Achterberg
et al. 2006; Abbasi et al. 2012b). Each DOM consists of
a photomultiplier tube (PMT) within a glass pressure
sphere that detects the Cherenkov radiation of neutrino
interaction products (Abbasi et al. 2010a). The photon
signal measured by the PMT is digitized in the DOM
and relayed to the surface computing laboratory (Ab-
basi et al. 2009). The detector is arranged in a hexag-
onal array of 86 vertical cables, each connected to 60
DOMs, called strings. The DOMs are placed on the
strings at 17 m intervals, while the inter-string spacing is
∼125 m. Above the in-ice IceCube detector, 81 ice-tank
pairs (each tank containing two DOMs) compose the
IceTop surface array (Abbasi et al. 2013). In this paper,
the IceTop array is used to veto likely atmospheric muon
events from the sky above the detector whose air shower
deposits Cherenkov radiation in the surface tanks.
Muons produced by νµ or ν¯µ charged current (CC)
interactions—appearing as long tracks of light within the
IceCube detector—are an especially convenient chan-
nel in searches for high energy astrophysical neutrino
sources. This is due to their long propagation length in
the ice, which increases the effective interaction volume
of the detector and yields sub-degree resolution in recon-
structed muon direction from the long lever-arm in the
detector. Track events from astrophysical sources, how-
ever, are difficult to disentangle from IceCube’s primary
backgrounds: atmospheric muons and νµ+ ν¯µ produced
in cosmic ray extensive air showers. Atmospheric muons
produced in the sky above IceCube trigger the detector
at & 2 kHz, while atmospheric νµ + ν¯µ trigger the de-
tector at ∼20 mHz over the full sky. In recent searches
for track events coincident with GRBs, only the North-
ern Hemisphere sky was analyzed to effectively remove
the atmospheric muon background, with the irreducible
atmospheric neutrino background remaining. In those
analyses, declination δ > −5◦ is chosen to define the
Northern Hemisphere, as above these declinations no at-
mospheric muons can reach the detector. Such searches
have a diminished sensitivity to the highest energy neu-
trino events compared to the Southern Hemisphere sky
(δ ≤ −5◦), as Earth absorption becomes relevant for
neutrinos with energy & 1 PeV, though this is partially
ameliorated by an increased sensitivity to signal near
the analysis horizon. The continued non-detection of
a neutrino signal from GRBs compels the extension of
these track searches to the Southern Hemisphere.
IceCube data are searched for track events consis-
tent with νµ and ν¯µ CC interactions. The previously
published Northern Hemisphere GRB track analysis in-
cluded data from three years of the partially completed
IceCube detector and one year of the completed detec-
tor (Aartsen et al. 2015d) and included 506 GRBs. This
has been extended to include three additional years of
IceCube data between May 2012 and May 2015, during
which 508 GRBs occurred in the Northern Hemisphere
during good detector operation. The newly introduced
Southern Hemisphere GRB track analysis has been ap-
plied to IceCube data between May 2010 and May 2015,
during which IceCube operated for a year in a 79-string
configuration and four years of the full IceCube detector.
During good detector operation, 664 GRBs occurred in
the Southern Hemisphere sky. In total, we searched for
neutrino emission from 663 new GRBs, while 509 GRBs
that were included in the all-sky cascade GRB analy-
sis (Aartsen et al. 2016a) were analyzed for the first
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time in the νµ + ν¯µ track channel.
4. EVENT RECONSTRUCTION AND SELECTION
High quality track events were selected in IceCube
data by the topology of the particle light deposition.
Likelihood-based reconstructions fit a track hypothe-
sis to the timing and position of PMT photoelectron
pulses of a given event, accounting for photon scattering
and absorption in the ice, to obtain the muon’s direc-
tion (Ahrens et al. 2004; Aartsen et al. 2014d). Expected
light yield probability distribution functions (PDFs) are
either defined analytically or from spline fits to simu-
lated light yields from cascades or minimally ionizing
muons (Whitehorn et al. 2013; Aartsen et al. 2014d).
By parameterizing the behavior of the likelihood space
as a function of muon direction near the reconstructed
best-fit direction, the angular uncertainty in these recon-
structions can be estimated, allowing further selection
of high-quality track events. For use in the significance
calculation in this analysis, the reconstructed angular
uncertainty is determined using the Cramer–Rao lower
bound (Cramer 1945; Rao 1945) on the covariance of
angular direction measures from the inverse of the like-
lihood Fisher information matrix. Finally, the muon
energy as it reaches the IceCube detector, as well as its
individual stochastic losses, can also be reconstructed
through similar likelihood-based fits to the measured
light deposition. These algorithms yield reconstructed
muon energies with a resolution of ∼30%, and a resolu-
tion of the total deposited energy in the detector along
the muon track of 10− 15% (Aartsen et al. 2014a).
The track samples in the Northern Hemisphere and
Southern Hemisphere are obtained separately as the
primary background in each is fundamentally differ-
ent. In the Northern Hemisphere event sample, most
events in low-level data are actually atmospheric muon
events from the Southern Hemisphere that are misre-
constructed to have an origin from the Northern Hemi-
sphere. The event selection primarily focuses on remov-
ing these poorly reconstructed muons. In the Southern
Hemisphere event sample, nearly all the events are well-
reconstructed atmospheric muons, which must be sep-
arated from the muon signal produced in νµ + ν¯µ CC
interactions. In both cases, the background is charac-
terized using events that are more than ±2 hr (termed
off-time data) from the prompt γ-ray emission of any an-
alyzed GRB, which avoids contamination of a possible
GRB neutrino signal. The event selection was optimized
to maximize the retention of a Monte Carlo simulation
of interactions of diffuse astrophysical νµ + ν¯µ neutrinos
with an E−2 spectrum, giving the selection sensitivity
to the wide range of neutrino production models of Sec-
tion 2.
The Northern Hemisphere track sample was obtained
following the same selection as the Northern Hemisphere
GRB track analysis presented by Aartsen et al. (2015d).
The background in this portion of the sky is dominated
by atmospheric muons with misreconstructed direction.
A selection optimized to well-reconstructed νµ + ν¯µ sig-
nal can efficiently remove most of this background. The
parameters that effectively distinguish these events have
been described in previously published IceCube point
source (Abbasi et al. 2011) and GRB (Aartsen et al.
2015d) searches. These parameters are used in a boosted
decision tree (BDT) forest (Freund & Schapire 1997), a
multivariate machine learning algorithm that scores the
effective signal-ness of a candidate event, to robustly
separate background off-time data from signal simula-
tion. By removing events below a certain BDT value,
the most background-like events are eliminated (Aart-
sen et al. 2014d, 2016a), arriving at the final Northern
Hemisphere event sample with a rate of ∼6 mHz. This
data sample is dominated (∼80%) by the irreducible at-
mospheric νµ+ ν¯µ background from the Northern Hemi-
sphere, with the remainder of the background being
composed of misreconstructed atmospheric muons. The
final BDT score cut was chosen such that the discov-
ery and limit-setting potential of the stacked unbinned
likelihood analysis (Section 5) was approximately opti-
mized for a signal with an E−2 spectrum produced by all
analyzed GRBs, following Aartsen et al. (2016a). The
cut may be further adjusted to coincide with the op-
timal discovery potential of the newly-introduced per-
GRB analysis for an E−2 spectrum produced by a sin-
gle, randomly selected GRB in the sample, simulating a
detectable neutrino fluence produced in a small subset
of the analyzed GRBs. Though an E−2 spectrum was
used in the optimization, the GRB sensitivity was ro-
bust against variation of signal spectra in both Northern
and Southern Hemisphere analyses. The E−2 spectrum
was therefore chosen for generality and consistency with
previous IceCube GRB analyses.
The Southern Hemisphere track selection was mod-
eled on recent IceCube point source analyses (Aartsen
et al. 2014d, 2017) in this portion of the sky. This selec-
tion first removes the bulk of the low-energy atmospheric
muon background through cuts on single parameters.
Machine learning is then employed to reduce the atmo-
spheric muon background further, especially the high-
multiplicity bundles of muons produced concurrently in
high-energy cosmic ray air showers and traversing the
IceCube detector together. These muon bundles deposit
large amounts of light in the detector, and are difficult
to distinguish from single high-energy muons by recon-
structions of event energy. A BDT forest is trained to
distinguish atmospheric muons and muon bundles from
the well-reconstructed muons of simulated interactions
of νµ + ν¯µ with an E−2 spectrum. Parameters supplied
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to the BDT forest are those used in the point source
analyses (Aartsen et al. 2014d, 2017), as well as a num-
ber of new parameters: 1) an azimuthal measure of
the event to regularize artificially preferred directions in
background events due to the IceCube detector geome-
try, 2) the distance of the estimated neutrino interaction
vertex from the detector edge measured along the recon-
structed track direction to select lower energy neutrino
starting tracks (Aartsen et al. 2016c), and 3) the recon-
structed muon energy and zenith. These additional pa-
rameters result in a more efficient signal selection than
the Southern Hemisphere point source selection at all
neutrino energies. A cut on the per-event BDT score
yields the final event sample (optimized under the same
procedure as the Northern Hemisphere event selection),
with a background data rate of 2 − 3 mHz that is still
dominated by atmospheric muons (∼4% atmospheric
neutrinos).
The final expected signal event rate in this event se-
lection can be determined from Monte Carlo simulation
of νµ + ν¯µ interactions through
N˙signal =
∫
Ω
dΩ′
∫
dEνAeff(Eν ,Ω′)× Φν(Eν ,Ω′), (2)
where Aeff(Eν ,Ω′) is the effective area of neutrino in-
teraction for an event selection, Φν(Eν ,Ω′) is the signal
neutrino flux, and the integral is performed over the
analysis solid angle Ω and neutrino energy Eν range.
The effective areas, scaled to all-sky, of the Northern
and Southern Hemisphere track selections are shown in
Figure 2, compared to the all-sky cascade selection of
Aartsen et al. (2016a). The Northern Hemisphere se-
lection is demonstrated to be most sensitive to neutri-
nos with energy . 1 PeV, while the effective area of the
Southern Hemisphere selection displays the enhanced
sensitivity of this channel to neutrinos above a few PeV.
The resonant scattering of ν¯e with electrons in ice at
6.3 PeV (Glashow 1960) is seen in the all-sky cascade
effective area, and is yet to be observed by IceCube.
5. UNBINNED LIKELIHOOD ANALYSIS
Given an ensemble of neutrino events and a set of
GRBs, a statistical test is required to distinguish an
observation of prompt neutrinos from expected back-
grounds. For a sample of N events coincident with
GRBs, we calculate the significance of the coincidences
by an unbinned likelihood with observed number of sig-
nal events ns of the form:
L (ns|nb, {xi}) = PN
N∏
i=1
[psS (xi) + pbB (xi)] , (3)
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Figure 2. Effective areas, scaled to all-sky, of the North-
ern and Southern Hemisphere νµ track analyses compared to
that of the all-sky cascade analysis for the 79-string IceCube
detector configuration.
where ps = ns/(ns + nb), pb = nb/(ns + nb), and PN is
the Poisson probability of the observed event count N
given expected signal and background event counts ns
and nb, respectively:
PN =
(ns + nb)N e−(ns+nb)
N ! . (4)
The index i runs over the neutrino candidate events,
and S and B respectively represent the combined signal
and background probability density functions (PDFs)
for event characteristics xi. Each of the signal and back-
ground PDFs is defined with respect to the time and di-
rection relative to the GRBs, and with respect to event
energy. The final test statistic is the logarithm of the
likelihood, maximized with respect to ns (maximized at
nˆs) divided by the background-only likelihood (ns = 0),
which simplifies to:
T = ln
[ L (nˆs)
L (ns = 0)
]
= −nˆs +
N∑
i=1
ln
[
nˆsS (xi)
〈nb〉 B (xi) + 1
]
.
(5)
The average expected number of background events can
be determined from off-time data, denoted as 〈nb〉.
The time component of the signal and background
PDFs, shown as a signal-to-background PDF ratio in
Figure 3, is defined by the T100 of each burst. The signal
time PDF is constant during T100, with Gaussian tails
before and after the GRB prompt phase. The functional
form of the Gaussian tails is chosen to have a smooth
transition on either side, and the Gaussian standard de-
viation σT is chosen to be the same as T100, but limited
to minimum and maximum values of 2 s and 30 s, respec-
tively. For simplicity, the signal time PDF is truncated
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Figure 3. Signal-to-background PDF ratios for three GRB
durations. The earliest reported start time T1, and the lat-
est reported stop time T2, define the most inclusive GRB
duration T100.
after ±4σ in each of the Gaussian tails. The background
time PDF is constant in this search time window.
Signal neutrinos from GRBs are expected to be spa-
tially associated with the observed GRB location. We
define a PDF following the first-order non-elliptical com-
ponent of the Kent distribution (Kent 1982):
Sspace(~xi) = κ4pi sinh(κ)e
κ cos(∆Ψi,GRB) (6)
where ∆Ψi,GRB is the opening angle between the re-
constructed event direction and GRB location, and the
concentration term κ is given by κ =
(
σ2i + σ2GRB
)−1 in
units of radians. The Kent distribution is normalized
on the unit sphere and is more appropriate than the
typical two dimensional Gaussian representation, espe-
cially for events with large uncertainties in the recon-
structed direction. The two dimensional Gaussian dis-
tribution is recovered for large concentration parameters
(1/
√
κ . 10◦). Representative examples of the Kent
distribution with varying directional uncertainties are
shown in Figure 4. Data from the off-time sample are
used to characterize the background space PDF. Due to
the azimuthal symmetry of the IceCube detector, the
background can be sufficiently described using only the
zenith angle, with PDF normalized over the solid angle
of each analysis. A spline is fit to a histogram of back-
ground data in cos (θzenith). The data histograms and
spline fits for the Northern and Southern Hemisphere
muon neutrino searches are shown in Figure 5.
One of the most powerful characteristics expected to
distinguish GRB neutrinos from atmospheric neutrinos
is their respective energy spectra: prompt neutrinos are
expected to be produced at high energies where the
steeply falling atmospheric spectrum is significantly di-
minished. The reconstructed energy of muon tracks is
used as a proxy for the incoming neutrino energy. Al-
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Figure 4. Kent distributions used for the signal space PDF
for a number of concentration parameters κ.
though the muon energy proxy is only a lower bound, it
scales with the neutrino energy and is therefore still use-
ful for distinguishing signal from background. For gen-
erality, the signal energy PDF is calculated using the re-
constructed muon energies of simulated neutrino events
with an E−2 spectrum. The background energy PDF
is taken directly from the off-time data sample’s recon-
structed energy spectrum. The Northern and South-
ern Hemisphere reconstructed energy PDFs are shown
in Figure 6 along with the binned PDF ratio values as
a function of reconstructed muon energy. The binned
PDF ratio is fit with a spline to generalize the ratio
to arbitrary reconstructed energies. At high and low
energies where the distributions become sparsely pop-
ulated, the PDF ratio is conservatively limited to the
value of the nearest bin with sufficient statistics. In
the Northern Hemisphere analysis, the background is
largely made up of atmospheric neutrinos. As such, the
background energy PDF can be artificially extended to
very high energies by using simulated neutrino events
with an atmospheric spectrum (Honda et al. 2007). The
same technique is not valid for the Southern Hemisphere
analysis because the background is composed of atmo-
spheric muons. The simulation of cosmic ray air shower
events is significantly more computationally intensive,
meaning the statistics of the off-time data sample greatly
exceeds our atmospheric muon simulations at final cut
level. Furthermore, the simulated atmospheric muon
events do not include a simulation of the IceTop de-
tector, invalidating the comparison of the simulation to
the off-time data set, which includes an IceTop veto se-
lection. Thus, only off-time data is used to characterize
the background energy PDF in the Southern Hemisphere
analysis.
In previous IceCube searches for prompt neutrinos
from GRBs, the search was performed by stacking all
GRBs in each year and channel (i.e. Northern Hemi-
sphere track, Southern Hemisphere track, all-sky cas-
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Figure 5. Background space PDF as a function of the cosine of the reconstructed event zenith angle for the Northern Hemisphere
(left) and Southern Hemisphere (right) νµ track analyses for binned off-time data (black points) and spline fit (red line). Each
is normalized in its respective search solid angle. The analysis horizon is indicated by the dashed black line.
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Figure 6. Energy PDFs and signal-to-background ratios for the Northern Hemisphere (left) and Southern Hemisphere (right)
νµ track analyses. Left vertical axis: the reconstructed muon energy PDFs of background off-time data (black points) and E−2
νµ signal simulation (blue line); simulated background used for PDF extrapolation is provided in the Northern track analysis
(green line). Right vertical axis: per-bin PDF ratios (red points) and spline fit (red line).
cade). This method, however, diminishes the signif-
icance of a concentrated neutrino signal from a sin-
gle GRB within the stacked sample, as the test statis-
tic treats such events equivalently to if they were dis-
tributed among all the GRBs in the sample. To increase
sensitivity of the analysis to a signal concentrated in in-
dividual GRBs, we have adopted the new strategy of
calculating a test statistic Tg for each GRB g. We then
determine the GRB for which the maximal Tg value is
obtained (called the max({Tg}) method). This approach
improves the discovery potential for a signal from a sin-
gle neutrino-bright GRB and naturally moves into real-
time style searches, as each GRB would be treated indi-
vidually upon detection. The max({Tg}) method is pre-
ferred to the selection of the most significant per-GRB
coincidence (calculated relative to the background-only
Tg distribution for GRB g) like that done in the IceCube
point source searches, as it is less computationally in-
tensive and yields comparable signal discovery potential.
The trials-corrected significance of the final max({Tg}) is
determined through a comparison with the background
expectation of this test statistic calculated over the en-
tire analyzed Northern and Southern Hemisphere GRB
sample.
The stacked test statistic was also still calculated for
each year and channel to possibly discover a weak neu-
trino signal distributed over multiple GRBs. This al-
lows the results presented in this paper to be combined
with previous results (Abbasi et al. 2012a; Aartsen et al.
2015d, 2016a). A final stacked test statistic is calculated
as a sum over individual channel c and year s test statis-
tics:
T =
∑
c,s
Tc,s. (7)
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Figure 7. Differential median sensitivity of the Northern
Hemisphere track, all-sky cascade (Aartsen et al. 2016a), and
Southern Hemisphere track stacked GRB analyses to a per-
flavor E−2 ν quasi-diffuse flux in half-decadal ν energy bins,
with the final combined analysis shown in the black line.
Integrated sensitivities are shown as dashed lines over the
expected 90% energy central interval in detected neutrinos
for a given analysis. The IceCube measured 68% CL astro-
physical per-flavor neutrino flux band is given for reference
from a global fit of IceCube analyses (Aartsen et al. 2015b)
and a recent 6-year Northern Hemispheres νµ track analysis
(light blue, Aartsen et al. (2016d)).
This combined test statistic is used to calculate limits
on the GRB neutrino models of Section 2 as it is less
sensitive to possible background fluctuations than the
per-GRB method.
The background-only and background-plus-signal ex-
pectations of both stacked and per-GRB analyses are
determined from Monte Carlo pseudo-experiments fol-
lowing the same methodology as described by Aartsen
et al. (2016a). The sensitivity, both differential and in-
tegrated, of the stacked method to a per-flavor quasi-
diffuse E−2 neutrino spectrum is shown in Figure 7.
This sensitivity is calculated for each individual search
channel, as well as the final combined sensitivity. The
Northern Hemisphere track analysis (combining the re-
sults of Aartsen et al. (2015d) with this paper’s exten-
sion to three additional years) is seen to be the most
sensitive neutrino detection channel. The all-sky cas-
cade and Southern Hemisphere track channels converge
in sensitivity to the Northern Hemisphere track within
a factor of a few at energies & 1 PeV, while the South-
ern Hemisphere track analysis is the most sensitive GRB
analysis to date for neutrinos & 10 PeV. Each individual
channel has sufficient sensitivity to detect a neutrino sig-
nal should the per-flavor quasi-diffuse GRB neutrino flux
be comparable in magnitude to the measured IceCube
astrophysical neutrino flux of ∼10−8 GeV cm−2 sr−1 s−1.
6. RESULTS
The final event sample was searched in coincidence
with the 508 GRBs of the three-year Northern Hemi-
sphere sample and the 664 GRBs of the five-year South-
ern sample. Both per-GRB and stacked per-year and
channel test statistics were calculated to discover a neu-
trino signal from GRBs. The results of the per-GRB
analysis are presented for the Northern and Southern
Hemisphere analyses in Tables 1 and 2, respectively.
Here, basic information about the GRBs and coinci-
dent events are described, including their timing, an-
gular uncertainty σ, angular separation ∆Ψ, the mea-
sured γ-ray fluence of the GRB, and the estimated en-
ergy of the coincident event. The significance of the
coincidences is summarized in two ways. Event signal-
to-background PDF ratio values used in the test statistic
calculation are provided to estimate relative event im-
portance. The significance of the per-GRB test statistic
is then given as a p-value calculated from that GRB’s ex-
pected background-only test statistic distribution, con-
stituting that GRB’s pre-trials p-value. In parentheses,
the post-trials p-value of this GRB coincidence is given,
calculated relative to the combined three-year Northern
Hemisphere track and five-year Southern track analy-
sis max({Tg}) test statistic distribution expected from
background, respectively.
The most significant coincidence (in both pre-trials
and post-trials p-value) was found in the Southern Hemi-
sphere analysis coincident with GRB110207A, a Swift-
localized long GRB (T100 = 109.32 s) observed at a dec-
lination of −10.8◦. This event occurred during the T100
of the GRB and had a reconstructed direction within
1◦ of the GRB, with a moderate reconstructed muon
energy of Eµ & 12 TeV, yielding a signal-to-background
PDF ratio of S/B = 271.6. The pre-trials significance
is p = 3.5 × 10−4, making it the single most significant
coincidence with a GRB to date in any IceCube GRB
neutrino search. Although the event was within 1◦ of the
GRB location, the angular uncertainty of this event and
GRB were 0.3◦ and 0.01◦, respectively. Combined, these
lead to a ∼3σ offset in the signal space PDF, reducing
the significance of the coincidence. Monte Carlo sim-
ulations and reconstructions were performed of muons
with similar energy, origin, and light deposition topol-
ogy to the measured event, establishing that the recon-
structed angular uncertainty of 0.3◦ is consistent with
the median angular resolution of the simulated muons of
0.24◦. Furthermore, a full likelihood scan of a more de-
tailed angular reconstruction, which accounts for muon
stochastic losses, was performed on this event to ver-
ify the quality of the reconstructed direction (Aartsen
et al. 2014a). It was found that the two reconstructions
are consistent with each other, while the GRB110207A
location is > 5σ from the advanced reconstructed direc-
tion, supporting that this event is inconsistent with the
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GRB location. Additionally, the post-trials significance
of this event is p = 0.535, making it consistent with the
background-only hypothesis. Considered together, this
event is concluded to be a background coincidence event.
Two additional coincident events were observed in
the Northern Hemisphere track analysis that had event
significances of S/B & 100: one event in coincidence
with GRB131202B, a Fermi-GBM localized long GRB
(T100 = 86.02 s) at a declination of 21.3◦, and one in
coincidence with GRB150428B, a Swift localized long
GRB (T100 = 161.8 s) at a declination of 4.1◦. Both
events occurred during the T100 of the GRBs, and had
reconstructed deposited energies above 1 TeV. Due to
the short tracks these events produced, each had a rel-
atively large angular uncertainty between 2 − 3◦. The
opening angle between each GRB and event pair was
a greater than 2σ deviation with respect to the signal
space PDF. Though the pre-trials significances of these
coincidences were 0.0069 and 0.0020 for GRB131202B
and GRB150428B, respectively, correcting for trials
these are 0.988 and 0.930. The remaining coincident
events of Tables 1 and 2 are low significance coinci-
dences, as measured by the event signal-to-background
PDF ratios and post-trials p-values. In summary, the set
of per-GRB coincidences observed is taken to be consis-
tent with background.
The only coincidence that contributes significantly to
a non-zero per-year and channel stacked test statistic is
the one coincident with GRB110207A. The significance
of the combined Northern and Southern Hemisphere
track stacked analysis test statistic is p = 0.42. Com-
bined with the previously published four-year North-
ern Hemisphere track (Aartsen et al. 2015d) and three-
year all-sky cascade (Aartsen et al. 2016a) analyses, the
stacked analysis has a final significance of p = 0.60, con-
sistent with the background-only hypothesis. For the
GRB sample analyzed in this paper, the benchmark
standard fireball, photospheric fireball, and ICMART
models were expected to yield 2.75, 4.66, and 0.10 neu-
trino events, respectively. When combined with previ-
ously published searches, these models are expected to
yield 6.51, 11.02, and 0.25 neutrino events, respectively.
Though a number of events have been found temporally
coincident with GRBs, none has appeared to be a par-
ticularly compelling signal and they have occurred at a
rate consistent with background.
Having found results consistent with background, lim-
its can be placed on neutrino production models in
GRBs. These amount to calculating the Neyman up-
per limit (Neyman 1937) on the flux normalization of
these models by determining the fraction of Monte Carlo
pseudo-experiments in which such a model would yield
a test statistic at least as extreme as that observed. For
example, a model can be excluded at the 90% confidence
level (CL) should it result in 90% of pseudo-experiments
with T ≥ Tobs. Limits calculated account for systematic
uncertainties in the ice model, DOM efficiency, and in-
teraction cross sections, which translate to a 10%–20%
uncertainty in model limits. The effect of these sys-
tematic uncertainties in calculated model limits is de-
termined in a model-dependent way, as their effect is
found to be much more pronounced at low energy than
at high energy.
Constraints were first determined for a generic double
broken power law neutrino flux of the form
Φν(Eν) = Φ0 ×

ε−1b E
−1
ν , Eν ≤ εb
E−2ν , εb < Eν ≤ 10εb
E−4ν (10εb)
2
, 10εb < Eν ,
(8)
as a function of first break energy εb and quasi-diffuse
spectral normalization Φ0. These limits are presented
in Figure 8 as excluded regions in this parameter space.
Two models of neutrino production in GRBs where
GRBs are assumed to be the sole origin of the mea-
sured UHECR flux are provided in this parameter space:
the neutron escape model of Ahlers et al. (2011) and
the proton escape model of Waxman & Bahcall (1997),
which has been updated with recent measurements of
the UHECR flux (Katz et al. 2009). Both models are
excluded at over 90% confidence level (CL) with most of
the model assumption phase space excluded at over the
99% CL. A thorough reconsideration of whether GRBs
can be the sources of UHECRs from Baerwald et al.
(2015) shows that the internal shock fireball model is
still plausible if cosmic ray protons can efficiently es-
cape the fireball with a low pion-production efficiency
for a range of fp and Γ, which predict neutrino fluxes
below the current limits.
Similar constraints were calculated for simple power
law spectra consistent with IceCube’s observed astro-
physical neutrino flux (Aartsen et al. 2014c, 2015c,a,
2016d), concluding that . 0.4% of the astrophysical
neutrino flux can be the result of a GRB prompt, quasi-
diffuse flux assuming no spectral breaks. This constraint
is weakened to a . 1% contribution should there be a
low-energy spectral break in the astrophysical neutrino
flux below 100 TeV.
We also calculated limits for the numerical models of
neutrino production in GRBs, where the expected mea-
surable neutrino fluence is determined from the per-
GRB γ-ray spectrum parameters. First, upper limits
(90% CL) are calculated for the internal shock fireball,
photospheric fireball, and ICMART models using bench-
mark parameters of the fireball baryonic loading fp = 10
and bulk Lorentz factor Γ = 300. These are presented in
Figure 9, scaling the model fluences to a per-flavor quasi-
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the measured UHECR flux either by neutron escape (Ahlers
et al. 2011) or proton escape (Waxman & Bahcall 1997) from
the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted
per-flavor quasi-diffuse flux of numerical neutrino production
models (dashed lines) for benchmark parameters fp = 10
and Γ = 300 over the expected central 90% central energy
containment interval of detected neutrinos for these models,
combining the presented analysis with the previously pub-
lished Northern Hemisphere νµ track (Aartsen et al. 2015d)
and all-sky cascade (Aartsen et al. 2016a) searches.
diffuse flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.
These limits are extended to arbitrary values for fb
and Γ in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and Γ,
limits are presented in Figure 10 as exclusion regions in
a scan of fp and Γ parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky νµ+ ν¯µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < Γ < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.
7. CONCLUSIONS
We have performed a search for muon neutrinos
and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for νµ + ν¯µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB γ-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor Γ. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction efficiency, either through reduced hadronic con-
tent in the outflow, increased Γ-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.
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Figure 10. Excluded regions for a given CL in fp and Γ parameter space for three numerical models of neutrino production in
GRBs, derived from the presented results combined with previous Northern Hemisphere track (Aartsen et al. 2015d) and all-sky
cascade (Aartsen et al. 2016a) searches. Left: internal shock fireball model, Middle: photospheric fireball model, and Right:
ICMART model.
The continuing exclusion of the internal shock fireball
model, as well as its photospheric extension, is not al-
together surprising, as the radiative efficiency of these
models has long been suggested to be insufficient to
yield the observed γ-ray spectra (Fan & Piran 2006;
Zhang et al. 2007; Kumar & Zhang 2015), unless the
distribution of shell Γ-factors within the fireball is un-
realistically broad (Beloborodov 2000; Kumar & Zhang
2015). Furthermore, Baerwald et al. (2015) have self-
consistently constrained the hypothesis that GRBs are
the source of UHECRs under the single-zone internal
shock fireball model from the measured UHECR spec-
trum, γ-ray measurements, and IceCube limits to GRB
neutrino production and cosmogenic neutrinos. These
constraints in addition to null results in new IceCube
prompt neutrino and cosmogenic neutrino searches in-
creasingly require unphysically large baryonic loading
factors or fireball bulk Lorentz factors that may be in
tension with multi-wavelength measurements of Γ & 10
for some GRBs (Laskar et al. 2015). Multi-zone inter-
nal shock fireball models of neutrino production remain
beyond the sensitivity of this work (Bustamante et al.
2015; Globus et al. 2015), and thus are unconstrained.
This paper has introduced a new method for analyzing
GRBs on an individual basis, which is adaptable to near
real-time analyses for neutrino production in detected
GRBs. Though the analysis in this paper improved
constraints on neutrino production in GRBs, such con-
straints operate under the assumption of roughly uni-
form production across GRBs. Should a rare subclass
of GRBs produce a significant neutrino signal, it may
still be discoverable with fast follow-up by IceCube and
multi-wavelength observations. The all-sky νµ + ν¯µ CC
interaction channel investigated in this paper is espe-
cially promising for this purpose. In addition, the pro-
posed IceCube extension, IceCube-Gen2 (Aartsen et al.
2014b; Ahlers & Halzen 2014), would increase the de-
tector’s sensitivity to transient astrophysical neutrino
sources and possibly reveal GRB neutrino production
below IceCube’s current sensitivity. The continued non-
detection of a prompt neutrino signal, however, will in-
creasingly disfavor GRBs as a source of UHECRs.
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Table 1. Three-year Northern Hemisphere track analysis coincident events. The duration T100,
angular uncertainty σ (Fermi-GBM statistical-only uncertainties indicated by ∗), and total γ-
ray fluence (erg cm−2) of GRBs with coincident events are described. Coincident events are
summarized in terms of their time relative to the GRB start time T1, their angular uncertainty σ,
angular displacement from the GRB location ∆Ψ, and reconstructed muon energy proxy (TeV).
Event significance is estimated by their signal-to-background PDF ratio value S/B (only events
with S/B > 10−3 are listed), while final GRB coincidence significance is given as pre-trials (post-
trials) p-values relative to background-only test statistic distributions.
Time σ ∆Ψ Fluence/Energy Significance
GRB120612B T100 = 63.24 s ∗7.1◦ 2.06× 10−6 p = 0.049 (1)
Event 1 T1 + 47.71 s 5.3◦ 29.0◦ & 0.54 S/B = 1.4
GRB120911A T100 = 28.58 s 0.0003◦ 2.34× 10−6 p = 0.0044 (1)
Event 1 T1 + 120.94 s 4.6◦ 2.9◦ & 0.98 S/B = 3.1
GRB130116A T100 = 66.82 s ∗29.9◦ 9.27× 10−7 p = 0.076 (1)
Event 1 T1 + 69.25 s 0.5◦ 67.7◦ & 2.1 S/B = 1.5
GRB130318A T100 = 137.99 s ∗9.9◦ 3.41× 10−6 p = 0.021 (1)
Event 1 T1 + 29.83 s 0.6◦ 18.5◦ & 0.46 S/B = 6.4
Event 2 T1 + 44.58 s 2.5◦ 48.2◦ & 0.32 S/B = 0.024
GRB130925B T100 = 265.47 s ∗4.1◦ 1.49× 10−5 p = 0.032 (1)
Event 1 T1 + 108.8 s 3.4◦ 12.6◦ & 0.70 S/B = 16.3
GRB131029B T100 = 50.95 s ∗5.8◦ 4.49× 10−6 p = 0.053 (1)
Event 1 T1 + 50.49 s 2.4◦ 18.2◦ & 0.68 S/B = 4.9
GRB131202B T100 = 86.02 s ∗2.2◦ 1.24× 10−5 p = 0.0069 (0.988)
Event 1 T1 + 85.18 s 2.1◦ 7.5◦ & 1.7 S/B = 122.1
GRB140404B T100 = 26.63 s ∗2.2◦ 8.18× 10−6 p = 0.026 (1)
Event 1 T1 − 38.49 s 5.4◦ 13.1◦ & 1.1 S/B = 11.0
GRB140521B T100 = 46.59 s ∗10.1◦ 2.75× 10−6 p = 0.051 (1)
Event 1 T1 + 98.37 s 1.6◦ 11.5◦ & 0.79 S/B = 7.3
GRB140603A T100 = 138.24 s ∗2.1◦ 1.86× 10−5 p = 0.025 (1)
Event 1 T1 + 41.35 s 1.1◦ 14.9◦ & 1.5 S/B = 10.1
Event 2 T1 − 33.78 s 1.3◦ 38.7◦ & 2.1 S/B = 0.026
GRB141029B T100 = 202.44 s ∗1.0◦ 3.8× 10−5 p = 0.034 (1)
Event 1 T1 − 10.33 s 1.6◦ 11.7◦ & 0.70 S/B = 6.4
Event 2 T1 − 80.99 s 1.0◦ 30.2◦ & 0.45 S/B = 0.003
GRB150428B T100 = 161.8 s 0.0003◦ 3.7× 10−6 p = 0.0020 (0.930)
Event 1 T1 + 71.35 s 2.9◦ 6.0◦ & 3.2 S/B = 131.9
GRB150428D T100 = 32.51 s ∗6.1◦ 1.53× 10−6 p = 0.024 (1)
Event 1 T1 − 43.69 s 4.4◦ 15.2◦ & 0.54 S/B = 9.4
GRB150507A T100 = 63.49 s ∗1.4◦ 1.52× 10−5 p = 0.039 (1)
Event 1 T1 + 58.24 s 1.1◦ 20.4◦ & 1.8 S/B = 2.4
Event 2 T1 − 74.44 s 2.1◦ 36.3◦ & 0.69 S/B = 0.0023
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Table 2. Southern Hemisphere track analysis ontime events, following the conventions of Table 1.
Time σ ∆Ψ Fluence/Energy Significance
GRB110105A T100 = 123.39 s ∗2.0◦ 2.09× 10−5 p = 0.037 (1)
Event 1 T1 + 102.0 s 0.3◦ 13.1◦ & 15 S/B = 2.2
GRB110207A T100 = 109.32 s 0.0132◦ 4.4× 10−6 p = 0.00035 (0.540)
Event 1 T1 + 87.4 s 0.3◦ 0.9◦ & 12 S/B = 271.6
GRB111205A T100 = 80.38 s 0.1◦ 1.7× 10−4 p = 0.0023 (1)
Event 1 T1 + 150.9 s 18.7◦ 17.3◦ & 482 S/B = 9.5
GRB121127A T100 = 3.51 s 0.08◦ 9.34× 10−7 p = 0.00043 (1)
Event 1 T1 + 2.42 s 60.1◦ 79.5◦ & 175 S/B = 0.85
GRB121231A T100 = 32.77 s ∗6.5◦ 2.94× 10−6 p = 0.035 (1)
Event 1 T1 + 66.5 s 0.5◦ 13.9◦ & 24 S/B = 4.2
GRB130909A T100 = 33.79 s ∗17.2◦ 1.98× 10−6 p = 0.010 (0.989)
Event 1 T1 + 14.9 s 0.2◦ 19.4◦ & 53 S/B = 30.6
GRB130924A T100 = 37.1 s ∗6.0◦ 3.73× 10−6 p = 0.033 (1)
Event 1 T1 + 92.6 s 27.1◦ 8.0◦ & 72 S/B = 1.3
Event 2 T1 + 6.6 s 0.4◦ 19.3◦ & 2.8 S/B = 0.84
GRB131119A T100 = 34.8 s ∗7.3◦ 1.85× 10−6 p = 0.025 (1)
Event 1 T1 − 23.1 s 0.4◦ 22.9◦ & 16 S/B = 8.2
GRB141012A T100 = 37.64 s ∗3.1◦ 6.64× 10−6 p = 0.014 (1)
Event 1 T1 + 100.54 s 11.5◦ 22.4◦ & 114 S/B = 2.5
GRB141013A T100 = 82.43 s ∗3.8◦ 8.81× 10−6 p = 0.017 (1)
Event 1 T1 + 34.4 s 17.6◦ 48.0◦ & 459 S/B = 2.3
GRB150222C T100 = 74.75 s ∗11.32◦ 3.84× 10−6 p = 0.020 (1)
Event 1 T1 + 22.73 s 0.3◦ 24.5◦ & 31 S/B = 8.4
Event 2 T1 − 61.2 s 0.2◦ 52.3◦ & 50 S/B = 0.0064
